Abstract Climate models consistently project a substantial decrease in the Indonesian Throughflow (ITF) in response to enhanced greenhouse warming. On interannual timescales ITF changes are largely related to tropical Pacific wind variability. However, on the multidecadal timescales investigated here we demonstrate that regional winds and associated changes in the upper ocean circulation cannot explain the projected ITF decrease. Instead, the decrease is related to a weakening in the northward flow of deep waters entering the Pacific basin at~40°S and an associated reduction in the net basin-wide upwelling to the north of the southern tip of Australia. This can be traced back to consistent changes in the Antarctic Circumpolar Current and Southern Ocean overturning, although questions still remain as to the ultimate drivers. In contrast to the ITF decrease, substantial projected changes to the upper ocean circulation of the Pacific basin are well explained by robust changes in the surface winds.
Introduction
The subtropical Pacific Ocean circulation is dominated by two gyres. At their equatorial flanks flow the broad westward South and North Equatorial Currents that bifurcate along the continental margin forming the East Australian Current (EAC) and Gulf of Papua Current in the Southern Hemisphere and the Kuroshio and Mindanao Currents in the northern (Figure 1 ) [Hu et al., 2015] . Unique to the Pacific basin is a tropical conduit, the Indonesian Throughflow (ITF), that allows water converging in the tropics, sourced largely from the Mindanao Current [Wyrtki, 1961] to escape from the Pacific into the Indian Ocean. A second westward escape route exists to the south of Australia via the EAC extension and the Tasman Leakage [Van Sebille et al., 2012] .
The ITF transports about 15 Sverdrup (Sv) of warmer and fresher Pacific water into the Indian Ocean with substantial variability across a range of timescales [Sprintall et al., 2009; Gordon et al., 2010] . Numerical simulations [Hirst and Godfrey, 1993; Murtugudde et al., 1998; Lee et al., 2002; Song et al., 2007; McCreary et al., 2007; Santoso et al., 2011; Le Bars et al., 2013] consistently demonstrate a major climate impact of the ITF, with the connection acting to cool the upper tropical Pacific and warm the surface Indian Ocean. It also affects the mean circulation, reducing the strength of the EAC and intensifying the Indian to Atlantic leakage via the Agulhas current [e.g., Le Bars et al., 2013] . In addition, the ITF can significantly modulate Indo-Pacific interannual variability [Song et al., 2007; Koch-Larrouy et al., 2009; Santoso et al., 2011; Yuan et al., 2012] and regional biogeochemistry [Ayers et al., 2014] . Recently, it has also been suggested that the ITF also plays a role in the dynamics of the global warming hiatus [e.g., England et al., 2014] through the redistribution of the excess heat stored in the tropical Pacific into the Indian Ocean [Lee et al., 2015] . The ITF is thus an important part of the climate system and any future changes will have important ramifications for regional and global climate variability and change (see also review by ).
The mean ITF is maintained by a pressure difference between the Pacific and Indian basins. Both mean flow and its variability are modulated by both local and large-scale Indo-Pacific winds. In particular, tropical wind variability associated with the El Niño-Southern Oscillation, Indian Ocean variability [Meyers, 1996; Murtugudde et al., 1998; Masumoto, 2002; England and Huang, 2005] , and local monsoonal winds [Gordon et al., 2003; Susanto et al., 2007] Sprintall and Révelard, 2014; Van Sebille et al., 2014] . While interannual and shorter-term variability has been linked to changes in tropical Pacific winds, on longer timescales ITF variability has been related to extratropical influences via changes to the subtropical cells [Valsala et al., 2011] .
Huang
Our primary focus here is to understand the projected changes to the ITF resulting from future increases in greenhouse gases. Since the ITF forms an integral part of the large-scale Pacific Ocean circulation, it is relevant to also examine the other major currents in the region. On multidecadal timescales, where oceanic adjustment results in quasi steady state conditions, Sverdrup and Island Rule [Godfrey, 1989] dynamics have been used to explain projected circulation changes [e.g., Cai et al., 2005; Sen Gupta et al., 2012; Oliver and Holbrook, 2014] . Previous studies have identified a projected weakening of the ITF and significant changes to the Pacific current system [e.g., Cai et al., 2010; Ganachaud et al., 2012; Sen Gupta et al., 2012; Hu et al., 2015] . In particular, Hu et al. [2015] noted that the ITF weakening could be related to deep circulation changes, although the mechanisms behind this projected change were not examined. We address this issue by diagnosing circulation changes in terms of a simplified linear barotropic description of circulation. Evaluating the validity of these theoretical frameworks in explaining the projected changes provides insight into the underlying mechanisms.
Climate Models
We use output from 33 CMIP5 climate models (Table S1 in the supporting information) and consider two CMIP5 experiments: (i) the historical simulations, which utilize observationally derived external forcing and 
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(ii) the RCP8.5 scenario [Moss et al., 2010] in which atmospheric greenhouse gas emissions remain unabated over the 21st century reaching CO2-equivalent concentrations of~1370 ppm in 2100. Not all of the models have the complete set of variables needed to calculate all metrics described in this study (Table S2) . Consistent models and model realizations are selected when comparing the relationship between different variables. To minimize any influence of low frequency variability in projected changes, averages over two long time periods are considered: 1900-2000 from the historical simulations and 2050-2100 from RCP8.5. The multidecadal timescale considered here provides sufficient time for the ocean circulation to adjust to changes in surface forcing.
Transport and Island Rule Calculation
Models have very different coastlines and bathymetry. As such, the pathway and widths of currents can vary considerably (e.g., Figure S1 ). Consequently, the domain used to define different currents and the Island Rule integration pathways were manually identified for each model. The eastern extents of the western boundary currents are selected so as to include the core of the current and any associated weak offshore counter current (which is often present, see example in Figure S1 ). Results are insensitive to the exact longitude of the eastern boundary as long as it encompasses the strong western boundary core. The upper ocean wind-driven circulation in particular the western boundary currents are largely confined above 2000 m in the models.
Upper ocean transport between the eastern edge of the western boundary current and the American coastline constitute the interior circulation. ITF transport is defined as the full depth net transport entering the Indian Ocean at about 114°E, between the northern tip of Australia and the southern tip of Asia.
The efficacy of the Island Rule (see supporting information for detailed description) was tested in a 1 1/2 layer shallow water model (SWM) [McGregor et al., 2007] forced by the projected changes in wind stress from 21 CMIP5 models. By model design there is no circulation change in the deep ocean. We find a strong intermodel relationship between the change in SWM ITF transport (or upper basin-wide flow east of Australia) and the Island Rule-derived transport ( Figure S7 ) with a correlation of 0.7 (0.9). Moreover the magnitudes of changes are similar between ITF, basinwide northward flow (to the east of Australia), and Island Rule transport.
Projected Circulation Changes
Southern Hemisphere
The models consistently project substantial changes across the Pacific under a business as usual increase in greenhouse gas concentrations. Some of these changes have been described in Hu et al. [2015] . In this section we extend this analysis, providing greater quantification and information on additional circulation features. One of the most dramatic changes is an intensification of the southward flowing EAC extension, south of~29°S. Indeed, a strong intensification of the EAC extension has been observed over recent decades [Roemmich et al., 2007; Hill et al., 2008; Cetina-Heredia et al., 2014] . All the models project an intensification with a multimodel mean (MMM) increase of 6.8 Sv averaged between 35 and 45°S (range~2 Sv to~13 Sv; see Table S2 for transport values for all models and the associated changes). This consistent increase occurs despite very different twentieth century mean transports in the extension region; indeed 5 of 22 models have a net northward transport. The MMM EAC extension transport is À2.3 Sv (range À15 Sv to +11 Sv; Table S2 ). Those models exhibiting a spurious northward transport unrealistically exhibit a full separation of the EAC flow at around 30°S toward the east (Figures S2a and S2b). These models have distinct wind fields compared to those with a realistic southward transport. In particular, the maximum midlatitude westerlies sit too far north. As a result, the positive wind stress curl located to the east of Australia decreases prematurely southward of [30] [31] [32] [33] [34] [35] . Interestingly, there is a significant negative correlation between mean state and projected change in transport for the EAC extension (r = À0.6, p < 0.01), i.e., models with weak or northward transport project the largest future intensification. This suggests that the more moderate estimates of future intensification may be more plausible.
At lower latitudes, there is a slight weakening in the southward western boundary flow to the north of the EAC maximum in most (17 out of 22) models with a MMM reduction of 1.6 Sv from the 17.8 Sv twentieth century mean, averaged between 20 and 30°S (p < 0.01, based on a student t test). At the EAC maximum itself (calculated for each model individually), the sign of the projected transport change is not consistent across
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Farther north, the northward flowing Gulf of Papua Current (including the North Queensland and Great Barrier Reef currents; SPICE Community 2012) is projected to increase in most (18/22) models by a MMM of 1.9 Sv (averaged between 12.5 and 17.5°S, Table S2 ) from a twentieth century mean of 15 Sv. This is associated with a SEC intensification of 1.9 Sv (at 170°E). Indeed, a strong intermodel relationship exists between the projected SEC and the Gulf of Papua Current minus the Northern EAC (20-25°S) transport changes (r = 0.75, p < 0.01). In the tropics, the New Guinea Coastal Undercurrent (NGCU) is also projected to increase (MMM of 3.2 Sv) in all but one model, from 20 Sv. A robust NGCU intensification was identified in the CMIP3 models related to a strong projected change in the wind stress curl across the basin just south of the equator , associated with a robust intensification of the southeasterly trade winds and reduction in the equatorial easterly winds. Sen Gupta et al. [2012] linked the NGCU intensification to an increase in Equatorial Undercurrent (EUC) strength across the western and central Pacific. A similar wind stress curl change is evident in the CMIP5 models (Figure 1 ). We also find an EUC intensification in the multimodel mean (3.0 Sv from a 44 Sv twentieth century mean, at 170°E, Table S2 ); however, model agreement on the sign of change is poor, with only 14 of 22 models projecting an increase.
Northern Hemisphere
In the Northern Hemisphere, most models (19/22) project a decrease in the strength of the Mindanao Current (2.9 Sv from 21 Sv, averaged between 5 and 10°N). Again this is consistent with the CMIP3 models (although model agreement was poorer for CMIP3). This was related to wind stress curl changes resulting from a robust weakening of the north easterly trade winds Figure 3 ].
To the north, the models consistently project a decrease at, and to the south, of the Kuroshio Current maximum. Between 15 and 25°S, 21 of 22 models show a decrease in transport with a MMM decrease of 2.7 Sv (Table S1 , from 24.5 Sv). A similar multimodel mean decrease is projected for the maximum transport; however, most models project little change in the maximum latitude. North of this latitude, models do not agree on the sign of the Kuroshio Current change.
The changes to the Mindanao and southern Kuroshio currents are associated with a reduction in the eastward transport of the North Equatorial Counter Current (NECC, which reduces by 5.4 Sv from 69 Sv at 170°E, MMM). A strong intermodel correlation exists between the change in NECC transport and the change in the divergence of the Mindanao and Kuroshio Currents (r = 0.9. p < 0.01).
Indonesian Throughflow
The MMM ITF transport into the Indian Ocean is 15.2 Sv (Figure 2a and Table S2 ) with a relatively small intermodel range (11 to 20 Sv). This is in remarkable agreement with observational estimates (15 Sv) [Sprintall et al., 2009] despite the poor representation of the Indonesian Archipelago in the models. This may reflect some degree of bathymetric adjustment and tuning of parameters, given the importance of this oceanic choke point.
All of the models project a reduction in the ITF strength by~1 to 6 Sv, with a MMM reduction of 3.4 Sv (Figure 2a) , corresponding to over 20%. This change is large compared to interannual fluctuations in the simulated ITF transport: based on a subset of models, the projected change generally exceeds 3 standard deviations of annual ITF transport fluctuations (annual ITF standard deviation ranges between~0.5 and 1.5 Sv, Figure 2a ).
Sen suggested that the ITF reduction in the CMIP3 models might result from a weaker Mindanao Current transport given that the changes in the two transports have similar magnitudes and the Mindanao Current is thought to be a primary source for the ITF [e.g., Wyrtki, 1961] . In the CMIP5 models, the MMM ITF and Mindanao Current reductions are also similar (Table S2) . However, no significant intermodel relationship exists between these metrics (nor is there a relationship between mean twentieth century Mindanao Current and ITF transport |r| < 0.1).
Drivers of Change
The CMIP5 models project robust changes to Pacific winds. Table S2 as they represent the average across the subset of models for which both wind and transport data are available.
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southeasterly trade winds and a weakening of equatorial and northeasterly trade winds ( Figure S5 ). This in turn results in significant changes in the Pacific wind stress curl (Figure 1 ). Figure 3a shows the implied western boundary current transport related to purely wind-driven changes, based on Sverdrup and Island Rule estimates [Godfrey, 1989] (see supporting information for further explanation). Latitudinal variations in boundary transport strength are well reproduced by the wind-derived estimates. However, these estimates are generally too large in magnitude; in particular there are large systematic biases in the EAC extension region to the south of 29°S. Here wind-derived estimates of the western boundary transport are much larger than actual model transports. Conversely, wind-derived estimates are systematically too small for the boundary current east of New Zealand. For all the latitude bands shown, there is a strong relationship between model interior transports and the associated Sverdrup estimates (intermodel correlations range r = 0.76 to 0.98, Figure 3a) . Conversely, the relationship between modeled and Island Rule-derived net upper ocean meridional transports to the east of Australia is considerably poorer (r < 0.54) and at some latitudes not statistically significant. As such the moderate correlations between wind-derived and simulated western boundary current transport largely stem from the efficacy of the Sverdrup relation. Unlike the full basin transport, intermodel differences in meridional transport to the east of New Zealand are strongly correlated with the Island Rule estimate (r = 0.81) despite a large systematic bias in the magnitude of the wind-derived estimates.
Differences in projected changes in the western boundary currents are also well explained by changes in the wind fields (r > 0.81 for all regions). However, the efficacy of this again primarily stems from accurate Sverdrup-derived estimates of interior transport change (intermodel correlations > 0.87); the upper ocean basinwide transport changes east of Australia do not agree well with the Island Rule-derived changes (nonsignificant intermodel correlations; Figure 3b ). These correlations would become significant (r > 0.59, p < 0.05) if an outlier model (CCSM4) is neglected; however, we have no good justification for neglecting this model. Despite a poor intermodel relationship, both simulated and Island Rule-derived net upper ocean 
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transport changes indicate a small <5% weakening (À0.2 and À0.6 Sv, respectively, in the MMM; Table S2 ). Within the Island Rule framework, these values should roughly match the change in the ITF. However, the MMM ITF change (~3 Sv) is about 22% of its twentieth century mean value, far greater than can be explained by purely wind-derived estimates. In some models the net upper ocean meridional transport change could constitute a larger contribution to the ITF change (>25% for four of the models). However, this is not the case for the majority of models. Thus, the ITF change must be primarily related to factors other than changes in regional winds and upper ocean circulation, in particular deep circulation changes must be important.
To examine deep circulation changes, we calculate net upward transport of water at 2000 m integrated over the basin to the north of~40°S (Figure 2d ; upwelling across 2000 m is presented instead of the equivalent net deep flow into the Pacific at 40°S, as more model output was available for the former variable). All models (n = 28, Table S2 ) exhibit a net twentieth century mean upwelling of water in the Pacific Basin north of 40°S, with a MMM upwelling of 5.2 Sv (range 1.3 to 13.7 Sv; Table S2 ). While this only potentially constitutes 1/3 of the mean ITF transport, a significant correlation exists between the mean twentieth century upwelling and mean ITF transport across the common models (r = 0.77, p < 0.01; Figure 2e ) suggesting that a substantial fraction of the model diversity in the mean ITF transport results from differences in the deep circulation.
In all models, except FGOALS-g2, upwelling is projected to decrease, with a MMM reduction of 3.1 Sv (3.3 Sv for 19 common models with ITF data; Figure 2d ). Interestingly in some (8/28) models this results in a net downwelling of water at 2000 m in the Pacific Basin for the 2050-2100 period or equivalently a net transport out of the deep Pacific at 40°S. Examination of spatial maps of upwelling (not shown) indicates that the decrease in upwelling occurs throughout the basin and is not associated with particular regions or topographical features. These projected changes can be traced to a basin-wide reduction in the net northward flow entering the Pacific basin below 2000 m (Figures 1 and S3) . The largest change is associated with a reduction in bottom water entering the Pacific along the eastern flank of the New Zealand continental shelf. The MMM projected decrease in upwelling closely mirrors the decrease in the ITF (~3.3 Sv) with a significant correlation of r = 0.6 (p < 0.01; Figure 2f ). As expected the correlation approaches unity if the upper ocean meridional changes to the east of Australia are also considered (Figure 2f ), i.e., upper ocean changes are still important to understand the diversity in model ITF projections, even though the MMM change is small.
Other potential factors affecting ITF transport include changes to the Bering Strait transport and net precipitation (for those models where ocean volume can change). All models except GISS-E2-R have a net northward twentieth century Bering Straits transport, with MMM transport of 0.8 Sv (range À0.1 to 1.6 Sv, Table S2 ). This compares well with the observed northward transport of 0.83 Sv [Roach et al., 1995] . In most (16/22) models, water exiting through the Bering Straits reduces in the future, with a MMM reduction of 0.13 Sv or 15% (range À0.9 to +0.05 Sv; Table S2 ).
There are significant changes in regional net precipitation with projected increases of~1 mm/d in the equatorial region and smaller decreases at subtropical latitudes ( Figure S4 ) consistent with an intensification of the hydrological cycle [Levang and Schmitt, 2015] . However, these changes largely compensate each other over the Pacific basin resulting in a MMM increased flux of water into the basin of only 0.03 Sv ( Figure S4 ; with a range of À0.17 to 0.24 Sv). Thus, changes to both the Bering Strait transport and the hydrological cycle play only a minor role in the ITF change.
Discussion
Consistent changes to the Indo-Pacific winds are projected by the CMIP5 models, including a small relaxation of the equatorial trade winds (Figures 1 and S5 ). Given the significant interannual relationship between ITF transport and equatorial wind strength (with interannual correlations between ITF transport and eastern/central Pacific zonal winds ranging from 0.43 to 0.85 across models; Figure S6 ), one might expect a future ITF decrease. While a decrease is projected (~3.4 Sv MMM, equivalent to >20% change), the projected trade wind relaxation is far too small to be a major factor ( Figure S6 , filled circles).
Based on the Island Rule [Godfrey, 1989] , we would expect winds over a larger domain to affect ITF transport on the timescales considered. Indeed, a shallow water ocean model (SWM) forced with wind stresses form selected CMIP5 models exhibits good agreement between Island Rule derived and SWM upper ocean basin-wide meridional transport. This is not the case for the CMIP5 models, however, where no significant
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intermodel relationship is found between the Island Rule and associated model transports for projected changes (and only a weak relationship of the twentieth century mean circulation, Figure 3 ). This is possibly because the Island Rule estimate represents a small residual from large competing influences along the Island Rule path integral ( Figure S5d ). While there is no intermodel relationship, both basin-wide meridional transport and the associated Island Rule derived estimate both indicate a slight weakening (<5% of their twentieth century mean state values). However, this weakening is too small (MMM~0.6 Sv) to explain the projected ITF reduction.
Instead, the projected ITF weakening appears to be largely related to deep circulation changes and a robust projected decrease in upwelling across the Pacific Basin at 2000 m. This reduced upwelling is equivalent in magnitude to the projected decrease in ITF, with a significant intermodel relationship (Figure 2f ). These deep changes can be linked to Southern Ocean circulation changes. While there is little model agreement in the projected Antarctic Circumpolar Current transport changes in the CMIP5 [e.g., Meijers, 2014] , there is unanimous agreement regarding a projected reduction in the net zonal convergence of water into the Pacific sector of the Southern Ocean (between 145°E and 290°E and south of 37°S, Figure S8a) , consistent with the projected ITF reduction.
Interestingly, this reduction in zonal high-latitude convergence occurs in both the upper (above 2000 m) and lower ocean in almost all models, with a MMM decrease in convergence of between 1.5 and 2 Sv in both depth ranges ( Figure S9a ). At the same time, there is also a projected reduction in the mean downwelling (i.e., a net upward flux) at 2000 m in the Pacific sector of the Southern Ocean in almost all models (MMM decrease of 1.7S v, Figure S9b ), which largely compensates the decreased upper ocean zonal convergence. This results in little projected change in the northward transport of water into the Pacific Basin in the upper ocean and a sizable reduction in the deep net northward transport that is consistent with the ITF transport change. While this reduction in northward transport occurs across the entire Pacific basin below~2000 m (Figures 1 and S3b) , the largest ensemble mean reduction is clearly seen in the region of bottom water transport to the east of New Zealand ( Figure S3b ). This is consistent with the global decrease in bottom water transport previously noted for both CMIP3 and CMIP5 [Sen Gupta et al., 2009; Meijers, 2014] .
It should be remembered, however, that the fidelity of water masses in the CMIP5 models is poor, in particular the northward transport of bottom water is systematically underestimated [Sallée et al., 2013] . Regardless of this, our work raises interesting questions regarding the ultimate driver of the ITF changes. Sensitivity experiments could be used to isolate the relative roles of increased Pacific stratification (associated with surface warming), changes in the Southern Hemisphere westerlies and the reduction in high-latitude buoyancy in generating the circulation changes noted here. This will be the subject of future work
In the CMIP5 models, the close match between upwelling and ITF changes mean that changes to the Southern Hemisphere western boundary currents and upper ocean interior transport must largely compensate each other. This is indeed the case (Figures S8a and S8b) , although south of the northern tip of New Zealand the situation is complicated by the presence of two boundary currents.
While the change in the projected basin-wide meridional transport is small, the equivalent change east of New Zealand is substantial (MMM 6.7 Sv, Table S2 and Figure S8e ) and consistent with a large Island Rule derived increase (MMM 10.4 Sv, r = 0.89). In this case, all legs of the Island Rule path integral for New Zealand ( Figure S4a ) contribute positively to this increase. There is also an increase in the northward interior transport to the east of New Zealand that weakens toward the north, associated with a positive wind stress curl anomaly from enhanced midlatitude winds (Figure 1 ). In combination, this results in a decrease in the southward western boundary transport along northern New Zealand. The large projected increase in water entering the Pacific Basin east of New Zealand is instead largely compensated by the EAC extension intensification ( Figure S8e ).
Summary
Based on a simplified (linear barotropic) description of the surface circulation, we show that the projected changes in the wind should generate little change in the ITF transport. However, all the CMIP5 models project a substantive reduction. While changes in regional winds are important for ITF variability on shorter timescales, our results show that changes in the ITF on multidecadal timescales are primarily related to overturning Geophysical Research Letters 10.1002/2016GL067757 circulation changes. In the Pacific sector of the Southern Ocean there is a reduction in the zonal convergence of water (entering south of Australia and leaving through the Drake Passage) in both the upper and lower ocean (see Figure S10 for schematic of changes). There is also a consistent projected increase in upwelling, in this region, which compensates for the weaker zonal convergence in the upper layer but further reduces the net transport into the deep Pacific Southern Ocean. This results in weaker deep transport into the deep Pacific basin at the latitude of the southern tip of Australia, weaker Pacific upwelling, and ultimately a reduced ITF. The ultimate driver of these changes remains an open question.
